We study the thermophoretic motion of water nanodroplets confined inside carbon nanotubes using molecular dynamics simulations. We find that the nanodroplets move in the direction opposite the imposed thermal gradient with a terminal velocity that is linearly proportional to the gradient. The translational motion is associated with a solid body rotation of the water nanodroplet coinciding with the helical symmetry of the carbon nanotube. The thermal diffusion displays a weak dependence on the wetting of the water-carbon nanotube interface. We introduce the use of the moment scaling spectrum (MSS) in order to determine the characteristics of the motion of the nanoparticles inside the carbon nanotube. The MSS indicates that affinity of the nanodroplet with the walls of the carbon nanotubes is important for the isothermal diffusion and hence for the Soret coefficient of the system.
Introduction. Open-ended nanotubes offer unique possibilities as fluid conduits with applications ranging from molecule separation devices in biocatalysis 1, 2 to encapsulation media for drug storage and delivery. 1, 3 Liquids and solids in nanochannels may be driven by electrophoresis, osmosis, gradients in the surface tension (Marangoni effect 4 ), pressure gradients, and thermophoresis. Hence, electrophoresis has been used for driving electrically charged particles in nanosystems 5, 6 and gradients in the surface tension have been exploited 7 to drive flow through carbon nanotubes (CNTs) immersed into a lipid membrane. 8 Pressure gradients imposed in nanopipes have been used to generate controlled flows for nanoscale applications 9 and to enhance electrophoretic motion across carbon nanotube membranes. 10 The use of thermal gradients to induce mass transport is known as thermophoresis, the Soret effect, or thermodiffusion. 11, 12 The first observation of thermodiffusion was reported by Ludwig 13 in 1856, who found differences in samples taken from different parts of a solution in which the temperature was not uniform. A systematic investigation of the phenomena was subsequently conducted by Soret 14 in 1879-1881 and by Ibbs 15,16 in 1921-1925 for thermodiffusion in gases.
Ibbs found that the coefficient of thermal diffusion is more sensitive than any of the other transport coefficients to the nature of the intermolecular forces. 15, 16 Thus, a complete understanding of the thermal diffusion could provide a powerful means of investigation of forces between molecules. 17 Although the theoretical explanation of thermodiffusion for molecules in liquids is still under debate, 18, 19 the investigation of its practical usability is motivated by potential applications in nanotechnology. Hence, thermodiffusion was recently used as the driving mechanism in artificially fabricated nanomotors, 20 and thermodiffusion is expected to allow microscale manipulation and control of flow in nanofluidic devices. 20 In a recent theoretical study, thermophoresis was shown to induce motion of solid gold nanoparticles confined inside carbon nanotubes. 21 In the present investigation, we study thermophoretic motion of liquid water nanodroplets confined inside carbon nanotubes.
Numerical Methods. We perform molecular dynamics (MD) simulations using the MD package FASTTUBE. 22 The package has been used extensively to study water confined inside [23] [24] [25] [26] and surrounding 27, 28 carbon nanotubes. The potentials governing the water-carbon interaction have been calibrated against experiments by considering the contact angle of a water droplet on a graphite surface. [29] [30] [31] In the present MD simulations we use the rigid SPC/E water model 32 and describe the valence forces within the carbon nanotubes using Morse, harmonic angle, and torsion potentials, 22 thus
where r ij denotes the bond length between two carbon atoms and θ ijk and φ ijkl are the bending and torsional angles. We include a nonbonded carbon-carbon Lennard-Jones potential to describe the van der Waals interaction between the carbon atoms in double-walled nanotubes
where ε R and σ R are the parameters of the potential, here ε CC ) 0.4396 kJ/mol and σ CC ) 0.3851 nm. Standard 1-2 and 1-3 nearest neighbor exclusion rules are applied. This additional Lennard-Jones term is excluded for the simulations of single-walled carbon nanotubes unless otherwise specified. The parameters of the carbon nanotube potentials are listed in Table 1 . The water-carbon interaction is modeled by a single Lennard-Jones term acting between the carbon and the oxygen of the water, consistent with the SPC/E water model. For the parameters of the potential, we use a constant σ CO value of 0.3190 nm throughout the simulations but vary the ε CO parameter in order to investigate the effect of wetting on the thermophoretic motion of the water nanodroplet. As a reference value we use ε CO ) 0.3920 kJ/mol, which was found to reproduce the experimental contact angle of 95.3°o f a macroscopic water droplet on a graphite surface. 23, 29 We furthermore use values of 0.2508 and 0.5643 kJ/mol corresponding to macroscopic contact angles of 127.8°and 50.7°, respectively.
23,29
The nonbonded interactions, including van der Waals and Coulomb, are truncated at 1.0 nm. The Coulomb potential is smoothed 22, 33 to ensure conservation of energy. For a more detailed description of the potential models and parameters used in this investigation, we refer to refs 29 and 22 and reference therein.
The equations of motion are integrated in time using the leapfrog scheme with a time step of 2 fs. Periodic boundary conditions are imposed in the direction parallel to the tube axis and free space conditions in the normal directions. We equilibrate the system for 0.1 ns. During the equilibration we couple the water and the CNT to two separate Berendsen thermostats 34 with a time constant of 0.1 ps. After equilibration we impose a thermal gradient along the axis of the CNT. The heated zones are two 2 nm sections at the ends of the computational box as illustrated in Figure 1 .
We study the effects of thermal gradients (∇T) ranging from 0.40 to 3.68 K/nm. We note that the lower gradients (∇T < 1.0 K/nm) are attainable experimentally 20 whereas the larger gradients help us assess trends and to increase the signal-to-noise ratio in our simulations.
We measure the position of the center of mass of the water nanodroplets (z COM ) and the corresponding center of mass velocity (ν COM ) during the simulation. Moreover, we measure the radial profiles of the density and the axial and tangential velocity of the water nanodroplet. The profiles are sampled in the central region of the droplet and exclude the free surface at the droplet caps. The resolution of the binning is 0.117 nm for the radial profiles. The coefficient of thermal diffusion (D t ) is estimated from
The Soret coefficient is defined as 11, 12, 18, 35 
where D is the isothermal diffusion coefficient. We determine D from the moment scaling spectra (MSS) [36] [37] [38] with a temporal resolution of 2 ps. Each trajectory is represented as a sequence z COM (n) of the n ) 1,...,M position of the center of mass over time. The time difference between two points is given by δt ) ∆n*2 ps. Our analysis is based on computing the first 6 moments of displacement
for ν ) 0,..., 6 and ∆n ) 1,..., M/3. This includes the classical mean square displacement (MSD) as the special case where ν ) 2. We assume each moment µ to depend on the time shift δt ) ∆n*2 ps in a power law
where d ) 1 is the dimension of the space. The scaling coefficients γ ν are thus determined by linear least-squares regression of log(µ ν ) vs log(δt). For ν ) 2 we obtain the isothermal diffusion coefficient D ) D 2 from the y axis intercept y 0 as D ) 0.5 × 10 y0 . The plot of γ ν vs ν is called the moment scaling spectrum (MSS); 36 for all strongly selfsimilar diffusion processes, the MSS shows a straight line through the origin. The slope S MSS of this line is determined using linear least-squares regression. S MSS ) 0.5 indicates pure normal diffusion, S MSS ) 1.0 is characteristic for ballistic motion. Superdiffusive processes have 0.5 < S MSS < 1.0, and subdiffusion 0.0 < S MSS < 0.5. MSS analysis is robust against noise in the trajectory and allows more accurate regression due to the almost perfect linearity of the MSS and the fact that S MSS has a smaller estimator variance than γ 2 . In addition it enables classification of different motion types with uniform sensitivity along the trajectory.
Results. In this investigation we perform molecular dynamics simulations of a water nanodroplet confined inside a carbon nanotube (Figure 1 ) subject to a thermal gradient. We use a zigzag carbon nanotube with a chiral vector of (30,0) which corresponds to a radius of 1.17 nm and a pitch angle of helical symmetry (R zz ) of (60°. 39, 40 The size of the computational domain along the axis of the carbon nanotube is 42.6 nm which requires 12000 carbon atoms. The water droplet consists of 514 water molecules and the confinement results in a droplet mean radius of approximately 0.95 nm and length 6.00 nm; cf. Figure 1 .
We impose thermal gradients of 0.00, 0.40, 0.52, 0.79, 1.05, 1.32, 1.58, 1.71, 1.97, 2.10, 2.63, 2.89, 3.16, and 3 .68 K/nm. We observe, for the nonzero gradients, a thermophoretic motion of the water nanodroplets in the direction opposite the thermal gradient (Figure 2a) . Moreover, the center of mass velocity of the water nanodroplet increases as higher gradients are imposed. The mean terminal velocity of the nanodroplet is approximately 22 m/s for a thermal gradient of 1.05 K/nm, cf. Figure 2b , and similar in magnitude to the terminal velocity of 25 m/s found in the previous study of thermophoretic motion of gold nanoparticles confined inside carbon nanotubes. 39 The axial velocity profile (V z ) of the water nanodroplets displays a maximum value in the vicinity of the fluid-solid interface (Figure 3a) . Hence the fluid motion of the water nanodroplets exhibits recirculation in a frame of reference fixed to the center of mass of the nanodroplet. The corresponding tangential velocity profile (V t ) shown in Figure 3b displays a solid body rotation similar to the rotation of the solid gold nanoparticle observed in our previous study. 39 The motion is associated with large temporal fluctuations, cf. Figure 2b and Figure 3c , which are related to the change in the direction of rotation; cf. Figure 3c . Moreover, the angle of rotation appears to be correlated to the two possible paths imposed by the chirality vector of the carbon nanotubes of (60°. 39 From the simulations (Figure 3c,d) we find an angle between the maximum value of the tangential velocity, measured in the vicinity of the surface of the carbon nanotube, and the axial velocity of the nanodroplet, has a mean value of approximately (67°. Thus, the rotation of the nanodroplet is determined by the helical symmetry of the CNT.
In order to determine the isothermal diffusion coefficient, we carry out long (200 ns) simulations of the water nanodroplet confined inside the carbon nanotube with zero temperature gradient. Below time scales of about 200 ps, the scaling of the moments of displacement indicates ballistic motion (see Figure 4a ) with S MSS ) 0.97. The scaling plot then shows a pronounced kink, with a long time scaling that is characteristic for diffusive motion (see MSS plot in Figure  4b ). In this diffusive regime we find an isothermal diffusion coefficient of 8.8 nm 2 /ns with S MSS ) 0.46, indicating pure normal diffusion. This value is in reasonable agreement with values previous obtained for water under nanoscale confinement (D ) 0.94-5.7 nm 2 /ns). [41] [42] [43] For the simulations with a nonzero thermal gradient, we observe a linear increase in the center of mass velocity as function of the thermal gradient (Figure 5a ) which confirms that the motion is thermophoretic. We expect that the motion is related to high-frequency phonon vibrations of the carbon nanotubes, i.e., the kinetic pressure of the carbon nanotubes as demonstrated in ref 21 . We note that the present classical formulation will excite all phonons simultaneously, whereas a full quantum description will suppress high-frequency phonons at low temperatures. Thus, the speed of the nanodroplets may be quantized at low temperatures.
The extracted coefficient of thermal diffusion is 20.9 nm 2 / (ns K), which corresponds to a Soret coefficient of 2.37 K -1 . This value is 3 orders of magnitude larger than the coefficients reported by Platten et al. 12 and Saghir et al. 44 for mixtures of water-methanol and by Reith and MullerPlathe 45 of binary Lennard-Jones liquids. In order to evaluate the influence of the wetting of the water-carbon interface on the thermophoretic motion of the nanodroplet, we vary the Lennard-Jones parameter ε co , from the reference value of 0.3920 kJ/mol to 0.5643 and 0.2508 kJ/mol, which correspond to strongly hydrophilic and strongly hydrophobic interfaces, respectively. The resulting water density profiles display the characteristic structure at the interface with enhanced structure for increasing hydrophobicity (Figure 5b ).
We observe a small but systematic change in the center of mass velocity of the water nanodroplet, cf. Figure 5a , and the coefficients of thermal diffusion vary from the reference value of 20.9 nm 2 /(ns K) to 18.8 nm 2 /(ns K) for the strongly hydrophilic interface to 23.1 nm 2 /(ns K) for the strongly hydrophobic interface. This behavior is consistent with the increased surface adhesion and reduced isothermal diffusion for the hydrophilic interface. Conversely, the superhydrophobic interface exhibits a reduced adhesion and hence increased isothermal diffusion as shown in Figure 5a .
To estimate the effect of wetting on the Soret coefficient, we repeat the long (200 ns) isothermal simulations for the system setting with different ε co values. From these simulations we measure an isothermal diffusion coefficient of 20.8 nm 2 /ns (S MSS ) 0.46) and 7.9 nm 2 /ns (S MSS ) 0.54) for ε co values of 0.2508 and 0.5643 kJ/mol, respectively. The corresponding Soret coefficients are S t ) 0.90 K -1 and S t ) 2.92 K -1 . Hence, the hydrophilic interface exhibits a higher Soret coefficient than the hydrophobic interfaces, mainly caused by large change in the isothermal diffusion.
We finally consider the thermophoretic motion of a water nanodroplet confined inside single carbon nanotubes of different chirality and inside double-walled carbon nanotubes. The additional single-walled carbon nanotubes include (17, 17) armchair and (24,14) chiral carbon nanotubes, both with a diameter similar to the zigzag (30,0) carbon nanotubes previously considered. For all the different chiralities we observe a consistent thermophoretic motion of the water nanodroplets as shown in Figure 5c . Moreover, we find that the nanodroplet moves with the highest velocity inside the (17, 17) armchair carbon nanotubes and with the lowest velocity inside the zigzag (30,0) carbon nanotubes. These results are in agreement with recent molecular dynamics and quantum chemistry studies of self-diffusion of water confined inside armchair and zigzag carbon nanotubes. 46 For the double walled carbon nanotubes, we impose a thermal gradient of 2.83 K/nm and observe a thermophoretic motion (solid black square in Figure 5a ) similar to that observed for single-walled carbon nanotubes. The terminal center of mass velocity is 53 m/s and similar to the velocity observed for the hydrophilic (ε co ) 0.5643 kJ/mol) singlewalled carbon nanotube of 55 m/s. This behavior is consistent with the enhanced water-carbon interaction due to the presence of the second layer of carbon atoms.
Conclusions. The present molecular dynamics simulations have demonstrated that water nanodroplets may be driven through single-and double-walled carbon nanotubes by imposing a thermal gradient along the axis of the carbon nanotube. The driving force is thermophoretic, and the resulting thermal diffusion involves both a translational and rotational motion of the nanodroplets. The rotation is imposed by the helical symmetry of the carbon nanotubes. We find a weak influence of wetting on thermophoresis, but a strong influence on the isothermal diffusion and hence the Soret coefficient. In summary, thermophoresis may be a viable mechanism for controlling the motion of water nanodroplets confined inside a single-and double-walled carbon nanotubes. (17, 17) , green (×) (20, 14) , and blue (/) (30,0).
